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Enhancement of the Glutamate Response by cAMP-
Dependent Protein Kinase in Hippocampal Neurons

PAUL GREENGARD, JOANNA JEN, ANGUS C. NAIRN,

CHARLES F. STEVENS*

Receptor channels activated by glutamate, an excitatory neurotransmitter in the
mammalian brain, are involved in processes such as long-term potentiation and
excitotoxicity. Studies of glutamate receptor channels expressed in cultured hippocam-
pal pyramidal neurons reveal that these channels are subject to neuromodulatory
regulation through the adenylate cyclase cascade. The whole-cell current response to
glutamate and kainate [a non-NMDA (N-methyl-D-aspartate) receptor agonist] was
enhanced by forskolin, an activator of adenylate cyclase. Single-channel analysis
revealed that an adenosine 3',5’-monophosphate—dependent protein kinase (PKA)
increases the opening frequency and the mean open time of the non-NMDA-type
glutamate receptor channels. Analysis of synaptic events indicated that forskolin,
acting through PKA, increased the amplitude and decay time of spontaneous excita-

tory postsynaptic currents.

RAIN SECOND-MESSENGER SYSTEMS

often alter nerve cell activity by mod-

ifying characteristics of voltage-gated
channels (1-3). Although the regulation of
neuronal excitability by phosphorylation of
voltage-gated channels is widespread, the
neuromodulation of ligand-gated channels,
crucial for the control of synaptic strength,
has been reported in only a few instances
(4-6). Because the modification of synaptic
strength through the action of second-mes-
senger systems should be an effective way to
regulate the computational capabilities of
neuronal circuits, this form of neuromodu-
lation could be as common as the ones that
affect electrical excitability. We anticipated
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that the hippocampus might be a favorable
site to search for synaptic neuromodulation;
this brain region is well known to regulate
synaptic strength by long-term potentiation
(7), and the abundantly represented gluta-
mate receptor channels in hippocampus
have been implicated in memory, epilepsy,
excitotoxicity, and some neurodegenerative
diseases (8).

We used both the whole-cell recording
and the outside-out mode of the standard
patch-clamp method (9) to study responses
to glutamate in 2- to 7-day-old cultured
hippocampal pyramidal neurons from new-
born Long Evans rats (10). We included 5
pM ‘magnesium adenosine trisphosphate
(MgATP) in all the whole-cell recordings to
prevent “run-down” of glutamate-induced
responses (11).

Because adenylate cyclase is commonly
involved in neuromodulatory systems, we
examined responses to glutamate in whole-
cell recordings before and after treatment
with forskolin (FSK), an activator of adenyl-
ate cyclase (12). In the continual presence of

50 uM FSK, glutamate responses increased
in all cells tested (+91% = 27% at 15 min
after glutamate application; n = 4; mean *
SEM) (Fig. 1). For comparison, we record-
ed the responses in another set of cells not
treated with FSK. The responses to gluta-
mate in this control group of cells generally
decreased over the same time interval
(—30% = 10% at 15 min after glutamate
application; n = 4) (Fig. 1B). Thus, FSK
produces a marked neuromodulation of glu-
tamate receptors.

FSK can sometimes interact directly with
ion channels without the intermediary ac-
tion of the adenosine 3',5’-monophosphate
(cAMP) cascade (13, 14), and a similar
direct mechanism might conceivably ac-
count for the FSK effect on glutamate recep-
tor channels. In an effort to determine if
FSK acts directly, we treated our cells with
1,9-dideoxyforskolin, a structural analog.
Dideoxyforskolin does not stimulate adenyl-
ate cyclase but does mimic other actions of
FSK. Of the three cells treated with 50 pM
dideoxyforskolin, none showed an increased
response to glutamate (—23% =+ 10%; n =
3) (Fig. 1B).

If the increased glutamate response in-
volves the cAMP-dependent protein kinase
(PKA), then blocking kinase activity should
prevent the neuromodulatory effect of FSK.
To test this, we added IP,,-amide, a 20-
amino acid synthetic peptide that specifically
inhibits PKA (15), to the solution in the
recording pipette. IP,y-amide (1 pM) in the
electrode blocked the neuronal response to
FSK (—28% = 5%; n = 6) (Fig. 1B). In
addition, with IP,,-amide alone in the re-
cording pipette (and no FSK) the response
to glutamate became smaller than the con-
trol within 20 min (—50% * 9%; n = 4)
(Fig. 1B), suggesting a basal PKA activity.

The increased macroscopic response to glu-
tamate after FSK treatment could have result-
ed from changes in various biophysical prop-
erties of the glutamate channels, such as a
more frequent entry into the open state, a
lengthened stay in the open state, or an
increased unitary conductance. Furthermore,
glutamate and its structural analogs activate a
mixture of receptor subtypes. N-methyl-D-
aspartate (NMDA) preferentially activates
large conductance (40 to 50 pS) channels,
whereas non-NMDA channels—kainate,
quisqualate, and  a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid—preferen-
tially activate small conductance (typically less
than 30 pS) channels (16). The non-NMDA
channels are difficult to distinguish from each
other but are distinct from the NMDA class
(16, 17). Changes in either or both types of
channels could have led to an increased
whole-cell current response to glutamate.

To determine the basis for the increased
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macroscopic response, we carried out single-
channel analysis on outside-out patches
from the soma of hippocampal pyramidal
neurons. Glutamate was used as the agonist
because it probably is the natural neuro-
transmitter and activates all subtypes of
receptors. The results are summarized in
Table 1. The non-NMDA-type channels in
membrane patches (n = 6) with the inter-
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Fig. 1. (A) Whole-cell current response to the
application of 10 pM glutamate at a holding
potential of —60 mV. The upper trace was re-
corded before the neuron was perfused with FSK.
The lower trace was recorded 6 min after the same
cell was perfused with 50 pM of FSK. (B) The
ratios of whole-cell glutamate current responses
(I,) at the indicated times to the response at the
beginning of the experiment I,. Data are present-
ed as mean + SEM; n = 3 to 6. (O), control; (@),
FSK; (O), dideoxyforskolin; (A), IP,-amide;
(A), IP,5-amide + FSK.

Fig. 2. (A through D) Ex- A
amples of single-channel re-
cordings of non-NMDA-
type activity from four g
outside-out patches held at
—110 mV with different re-
agents in the recording elec-
trodes: (A) control; (B) €
cPKA (20 pg/ml) plus 5
mM MgATP; (C) 5 mM
MgATP alone; and (D) p
dPKA (20 pg/ml) plus 5
mM MgATP. (E) Cumula-
tive open-time graphs of
non-NMDA channels under
the indicated conditions. All
data were taken from out-
side-out patches held at
—110 mV. The vertical co-
ordinate represents the frac-
tion of the channels that
stayed open for less than the

nal surface exposed to 20 g/ml of catalytic
subunit of PKA (cPKA) in the presence of
5 pM MgATP showed more frequent and
longer openings compared to control
patches (n = 9). Inclusion of MgATP
alone (n = 6), 20 g/ml of heat-denatured
cPKA (dPKA) with MgATP (n = 6), or
cPKA without MgATP (n = 4) yielded
results similar to those obtained with con-
trol patches, with mean open times compa-
rable to reported values (16) (Table 1 and
Fig. 2).

In contrast, the properties of the NMDA
receptor channels were indistinguishable un-
der all conditions. The opening frequency of
NMDA receptor channels in membrane
patches treated with cPKA plus MgATP was
the same as that in control patches; further,
the mean open time of NMDA-evoked
events in cPKA plus MgATP-treated
patches did not differ from the mean open
time in control patches (Table 1). Neither
the non-NMDA nor the NMDA receptor
subtypes showed any change in unitary
conductance.

The increase in the opening frequency of
the non-NMDA receptor channels and their
longer time in the open state might account
for the larger macroscopic response to glu-
tamate seen after FSK treatment. We thus
used whole-cell recording to examine
whether FSK increased the current response
to kainate, an agonist selective for non-
NMDA-class channels (16). Indeed, the
response to kainate increased in the pres-
ence of FSK (+80% + 44% 15 min after
kainate application; n = 7; + SEM) com-
pared with the response in control cells
(—30% * 6%; n = 9), cells treated with
dideoxyforskolin (—22% = 24%; n = 2),
or cells treated with IP,4-amide plus FSK
(—32% = 10%; n = 3) (Fig. 3). This
increase in the kainate response with FSK

Fraction open less than duration

is comparable to the increase in the gluta-
mate response. Thus, the neuromodulation
of the non-NMDA class of glutamate re-
ceptor channels can account for much, if
not all, of the FSK effect on whole-cell
responses to glutamate.

We have thus far described the effects of
the cAMP second-messenger system on ex-
trajunctional glutamate channels, rather
than on those localized in the postsynaptic
membrane. Studies of the acetylcholine re-
ceptors in muscle reveal marked differences
in ion channel properties between junctional
and extrajunctional receptors (18). To deter-
mine if junctional glutamate channels might
also be modulaed through the cAMP cas-
cade, we recorded miniature excitatory
postsynaptic currents (MEPSCs) under
whole-cell voltage clamp (19). MEPSC:s re-
corded in the presence of FSK increased in
amplitude, decay time, or both, as compared
to recordings made before FSK treatment
(Fig. 4). Of the 11 cells treated with FSK,
MEPSCs in seven increased in amplitude
(46% = 20%; + SEM), and six increased in
decay time (58% = 32%); in five of the 11
cells, both the amplitude and the decay time
of the MEPSC:s increased (P < 0.05, paired
t test). Because the spontanecous MEPSCs
recorded from cells under different control
conditions [untreated (n = 8); dideoxyfor-
skolin (n = 4); IP,g-amide (n = 2); IPy,-
amide plus FSK (n = 2)] showed little
change in amplitude or decay time, we con-
clude that PKA activity probably accounts
for the effect of FSK on the MEPSCs. The
frequency of the MEPSCs also increased
with FSK treatment, suggesting that cAMP-
dependent protein phosphorylation might
increase the probability of release of vesicles
presynaptically in addition to enhancing the
glutamate response postsynaptically.

Our results indicate that the properties of

- — Control
cPKA+ATP
<--- ATP
o2y dPKA+ATP
...... CPKA
0.0 1 1 1 1
0 20 30 40 50

time duration that is indicated on the horizontal coordinate.
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Table 1. Comparison of opening frequencies and mean open times of glutamate receptor channels
under different conditions. All data are presented as mean + SEM and were obtained from patches
held at —110 mV. Events, the number of events per second. ATP, adenosine triphosphate; ,

number of patches.

Non-NMDA responses NMDA responses
Condition (1)
Mean open Mean open
Events time (ms) Events time (ms)
Control (9) 0.83 + 0.28 140 = 0.14 7.63 + 1.87 2.61 = 0.49
ATP (6) 0.95 + 0.29 1.65 + 0.43 7.73 £2.12 2.32 £0.50
dPKA + ATP (6) 0.42 = 0.10 139+ 043 10.8 +1.88 2.80 £ 0.21
cPKA (4) 110 = 0.17 0.92 +0.28 7.70 £ 2.12 3.31 + 0.37
cPKA + ATP (6) 242 +0.73* 10.3 £ 1.72** 834131 1.94 + 0.34

*P < 0.05, one-way analysis of variance.
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Fig. 3. The ratios of whole-cell current responses
to kainate (I) at the indicated times to the
response at the beginning of the experiment I,.
Data are presented as mean + SEM; n = 2to 9.
(O), Control; (@), ESK; (A), FSK + IP,y-amide;
(O), dideoxyforskolin.

both junctional and extrajunctional gluta-
mate receptor channels are regulated by
PKA. The single-channel recording experi-
ments suggest either that the channels them-
selves are phosphorylated directly or that
regulatory proteins necessary for modula-
tion of glutamate channels are present in the
membrane and are phosphorylated. Wheth-
er the apparent increase in the opening rate
of non-NMDA channels resulted from an
increased opening probability of channels or
an increased number of channels could not
be determined with our methods.

The same modulatory machinery could
function in synaptic junctions as well as
extrajunctionally. Our single-channel re-
cordings revealed an increase in the open-
ing frequency and the mean open time of
the non-NMDA channels. These channels
have been reported to mediate fast excita-
tory synaptic transmission (20). An in-
crease in the opening frequency and the
mean open time of the junctional non-
NMDA channels could account for the
increase in the amplitude or decay time of
the spontaneous MEPSCs observed with
ESK treatment.

6 SEPTEMBER 1991

**P < 0.001, one-way analysis of variance.

L15pA

1.0ms

Fig. 4. Average traces of spontaneous MEPSCs
recorded at —60 mV before and after treatment
with FSK. The average of 30 MEPSCs before
(upper trace) and after (lower trace) constant
perfusion of the same neuron with 50 pM FSK.

Our experiments do not exclude possible
modulation of NMDA receptor channels.
Both NMDA and non-NMDA receptors
could have contributed to the increased
whole-cell current response to glutamate
observed with FSK treatment, but the fact
that ESK treatment enhanced the kainate
responses and the glutamate responses at
comparable amounts suggests that the
NMDA channels contribute little to the
process. In addition, single-channel analysis
under various conditions revealed no obvi-
ous aJteration of NMDA channel character-
istics, demonstrating that modulation of
NMDA channels by PKA is absent or at
least less prominent than modulation of
non-NMDA receptor channels. Neuromod-
ulation of NMDA response has been pro-
posed (21), but only further investigation
can determine whether NMDA channels can
be modulated by the cAMP cascade or other
signal transduction systems.

The regulation by phosphorylation of
glutamate channel activity provides a poten-
tially important way for the nervous system
to control the excitability of neurons and the
efficacy of synaptic transmission. We antici-
pate that investigation will reveal that syn-
apses in many brain regions are subject to
neuromodulatory control, just as are many
types of voltage-gated channels.
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Anti-HIV and Anti—Anti-MHC Antibodies in
Alloimmune and Autoimmune Mice

TrAcY A. K1ON AND GEOFFREY W. HOFEMANN*

Alloimmune mice (mice that have been exposed to cells from another murine strain)
were shown to make antibodies against gp120 and p24 of human immunodeficiency
virus (HIV), and mice of the autoimmune strains MRL-lpr/lpr and MRL-+/+ made
antibodies against gp120. This is surprising because the mice were not exposed to
HIV. Furthermore, anti—anti-MHC antibodies (molecules that have shapes similar to
those of major histocompatibility complex molecules) were detected in both alloim-
mune sera and MRL mice. These results are discussed in the context of a possible role
for allogeneic stimuli in the pathogenesis of acquired immunodeficiency syndrome, as

suggested by an idiotypic network model.

HE FUNCTIONAL DISRUPTION OF

I the immune system in acquired im-
munodeficiency syndrome (AIDS) is
incompletely understood and may involve
autoimmunity (1). Shearer suggested a pos-
sible role for allogeneic cells (cells from
another individual) in AIDS pathogenesis
on the basis of similarities between AIDS
and graft-versus-host disease (2). Exposure
to allogeneic cells can occur when individu-
als are exposed to foreign lymphocytes in
blood transfusions or ejaculates. Ziegler and
Stites (3) and Andrieu and co-workers (4)
formulated an idiotypic network model for
HIV in which it is suggested that gp120 of
HIV may cross-react with class II MHC
molecules, and an anti-idiotypic component
of an immune response to gpl20 could
cross-react with the CD4 molecules on help-
er T cells. Such ideas are supported by the
findings that large quantities of antigen-
mimicking antibodies can be produced in
ordinary immune responses (5), and many
antibodies have both anti-idiotypic and an-
tigen-specific activity (6). We formulated an
autoimmunity model of AIDS pathogenesis
that involves two immune responses, name-
ly the immune response to HIV and an
immune response to allogeneic stimuli (7).
The two responses include components that
are directed against each other, and these
responses are postulated to synergize in a
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way that causes the collapse of the immune
system.

Two separable classes of specific antibod-
ies can be detected in alloimmune sera,
namely anti-foreign and anti-anti-self (8).
Anti—anti-self antibodies are made in re-
sponse to foreign idiotypes that recognize
self MHC and may have MHC-image (MI)
activity, as determined by their ability to
completely inhibit cytotoxicity mediated by
polyclonal alloantisera (8). This component
of immunity to allogeneic lymphocytes may
be related to immunity induced to HIV,
because the envelope protein of HIV
(gp160) has a shape that may be partly MI.
One of its components (gpl20) binds to
CD4 at a site that overlaps with the site
where CD4 interacts with class II MHC (9,
10), and there is also cross-reactivity be-
tween the other component (gp41) and class

II MHC (11). Furthermore, sequence simi-
larities have been observed between gp120
and class I MHC (12) and between HIV-1
Nef and class IT MHC (13). Because HIV
components may have shapes that are partly
ML, it is plausible that HIV provokes an
immune response that includes an anti—class
II MI (anti-MI) component. MI and anti-MI
responses are by definition directed against
each other, so MI and anti-MI lymphocytes
could be stimulated by each other. Hence, an
MI response to allogeneic cells could syner-
gize with an anti-MI response to HIV (7).
Helper T cells have variable (V) regions
that are selected to be weakly anti-self class
II MHC. We have described an idiotypic
network model in which suppressor T cells
recognize and regulate helper T cells by
means of their V regions; these T cells have
receptors with class II MI determinants (14).
The MI response to allogeneic cells and the
anti-MI response to HIV could also be direct-
ed against anti-MHC idiotypic determinants
of helper T cells and MI idiotypic determi-
nants on suppressor T cells, respectively, and
this dual attack could lead to the eventual
collapse of the normal self-stabilizing system.
We considered the possibility that the
image of MHC might be conserved across
species, even though CD4, which has com-
plementarity to class II MHC is not con-
served between mice and humans with re-
spect to its ability to bind gp120 of HIV.
HIV gpl20 binds to human CD4 but not
mouse CD4. If the MI is at least partly
conserved, alloimmune mice could make
anti-MI antibodies that react with gp120.
We raised alloimmune sera in pairs of strains
of mice by repeated reciprocal immuniza-
tions with lymphoid cells. In agreement
with previous work (8), the alloimmune sera
were found to contain MI antibodies (15).
These sera also contain antibodies to gp120
and p24 (Fig. 1, A and B). Similar results
were obtained with all eight hyperimmune

0.8 A 0.8 B
0.61 0.61
0.41 0.4
0.2 0.2
Fig. 1. Antibodies to gpl20 00 00
(A) and p24 (B) were detected 8 B6ant- B6 BA CBA  Béant- B6 CBA CBA
in B6 anti-CBA and CBA anti- < 1, CBA NMS ant-BENMS .  CBA NMS anti-B6 NMS
B6 alloantisera, but not in nor- C D
mal (NMS) CBA or B6 sera. 121 08
Antibodies to gp120 were also 0.6
detected in the sera of MRL- 0.81
lpr/lpr mice (C) (white bars) 0.4
and in MRL-+/+ mice (D) 0.41 0.2
(white bars) but not in age- |-‘Lm :
matched CBA controls (hatched 0.0 p . s 0.0 . > 2

bars) (17). A4gs, absorbance at
405 nm.
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